The evaluation of remaining life is necessary to make optimal use of the structural capacity of in-service pavements. It simply represents the useful life left in the pavement until a failure condition is reached. Knowledge of remaining life facilitates decision making in regard to strategies for reconstruction-rehabilitation of roads, thereby leading to the efficient use of existing resources. Several methods proposed or used by various agencies to estimate the remaining lives of pavements are reviewed. They are classified under two categories: functional and structural. Making use of the Mississippi Department of Transportation pavement management system data base, survivor curves are developed for seven classes of flexible pavements with from thin to thick structures. By using these survivor curves a novel method for estimating remaining life is proposed. The reasonableness of the selected methods is examined by putting them to use in calculating the remaining lives of each of eight rigid and flexible pavement sections, all of them from the Mississippi global positioning system sections of the Strategic Highway Research Program-Long-Term Pavement Performance project (LTPP). With the structural details, falling weight deflectometer deflection data, and the distress information compiled from the LTTP information management system data base, the authors use two and four methods for rigid and flexible pavements, respectively, to determine the remaining lives. The remaining lives calculated by two methods for rigid pavements are comparable. Three of four methods for flexible pavements also generated comparable remaining lives. The authors were encouraged by the results and recommend that the survivor curve approach be explored further for network-level remaining life calculations. The reliabilities of various techniques currently available for the remaining life calculation are discussed.
With a large network of highways in place, a highway engineer's concern is shifted from construction to maintenance. For facilitating the management of the existing network, pavement management systems (PMSs) have evolved over the last three decades. Proper management of the system requires the collection, analysis, and interpretation of factual data relating to construction and maintenance activities. Prediction of the future condition of each pavement as well as that of the entire network is an essential element of a management system.
For future planning and budgeting purposes, it is important to estimate the remaining life of each pavement section. This is not only useful for timing a major rehabilitation but it also assists managers in forecasting the long-term needs of the network. Remaining life is the extent of the useful life remaining in a pavement section exposed to traffic and environmental forces. Expressed in terms of years/traffic or percentage of life left, it plays a pivotal role in forecasting the future rehabilitation needs of the network.
Calculating remaining life has been a complex task, to say the least. Existing methods rely on various concepts from purely empirical to truly mechanistic. The lack of adequate performance prediction models has been the major impediment in predicting remaining life. This paper addresses some of the issues of remaining life prediction, including a review of some of the existing methods. The reasonableness of the selected methods will be examined by evaluating the remaining lives of Mississippi global positioning system (GPS) sections of the Strategic Highway Research Program (SHRP)-Long-Term Pavement Performance (LTPP) project by each of these methods. The life predicted by each method will subsequently be compared with those predicted by the other methods and discussed. Another objective is to propose a novel method of calculating remaining life by the survivor curve approach. More than 3,000 sections of flexible pavements in the Mississippi Department of Transportation (MDOT) road network were used to formulate the survivor curves. With the survivor curves formulated, the remaining lives of the SHRP GPS sections are calculated and compared with those obtained by traditional approaches.
REVIEW OF REMAINING LIFE ESTIMATION PROCEDURES
The failure of a pavement can be categorized as structural or functional failure. In the functional failure-based approach, the remaining life is computed on the basis of the performance of the pavement (for example, serviceability or rideability) and is expressed in terms of years/18-kip equivalent single axle loads (ESALs) (1 kip ϭ 8167 kg). The reduction of structural capacity, on the other hand, is the primary concern in the structural failure-based approach. Witczak (1) noted that remaining life estimates based on those two failure criteria will be different. Figure 1 illustrates the structural and functional remaining pavement lives according to Witzcak (1) . Figure 1 is sketched with the premise that the remaining life estimate based on functional failure is greater than those based on structural failure. In the following sections, the remaining life estimation methods are reviewed under those two categories.
basis of the time t that the existing pavement has been in service, the best estimate of the probable time T f that the pavement can last before any overlay is required, and the annual traffic growth rate r.
Mathematically,
This method is known as the "time approach." Third, if the present serviceability index of a pavement is known along with the initial structural number or slab thickness, remaining life can be estimated by graphical procedures, designated the "serviceability approach." Yet another approach would be to use a valid performance prediction equation in conjunction with a threshold value that triggers maintenance or rehabilitation. Making use of the MDOT PMS data 138 TRANSPORTATION RESEARCH RECORD 1524 base, George (3) has developed equations that can be used to forecast the pavement condition rating (PCR) of five types of pavements. The MDOT PMS working group has recently adopted a trigger PCR value of 65 for a "must rehabilitate" level. (3) where RL is the remaining life of the pavement (in years), and W 18 is the number of 18-kip ESALs.
Structural Failure-Based Approaches
According to the AASHTO Guide (2, 8) remaining life can be calculated by a unique curve ( Figure 2 ) relating condition factor and remaining life. The condition factor C x is defined as the ratio of the effective structural number to the original structural number or the ratio of the effective slab thickness to the original slab thickness for flexible and rigid pavements, respectively. AASHTO suggested two different methods for estimating the condition factor, which are briefly described here. 
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Relationship between condition factor and remaining life (8) .
, ] AASHTO Cumulative Design W Yearly W 1. By the nondestructive deflection testing (NDT) approach, the pavements in service are evaluated by using falling weight deflectometer (FWD) sensor deflections. Flexible and rigid pavements are evaluated slightly differently, as described here.
For flexible pavements, by making use of the last sensor deflection, the subgrade resilient modulus is calculated first. The subgrade resilient modulus in conjunction with the first sensor deflection is used to estimate the effective modulus E p of the pavement layers above the subgrade. E p can be obtained from Figure 5 .5 of the AASHTO Guide (8) where D is the total thickness of the pavement structure above the subgrade.
For rigid pavements, by making use of NDT deflections, in situ portland cement concrete (PCC) modulus is backcalculated first. Second, effective slab thickness is determined from the backcalcu-lated modulus and the original thickness of the slab, according to Figure 3 . Note that the AASHTO NDT approach for both flexible and rigid pavements will be invoked in a later section for comparison studies.
2. By the visual condition approach, an overall condition factor is estimated by modifying the layer coefficient of each layer commensurate with the surface damage.
George (9) model that, when used with estimated current traffic, yields the remaining life. In another popular approach the moduli of the layers are calculated by a backcalculation procedure, and by using those moduli in an appropriate equation, remaining life is estimated (15) (16) (17) . Not only the NDT data evaluating fatigue life but also the existing cracks and rutting are factored in calculating the remaining life, according to the MODULUS program (version 5.0) (18) . In summary, in the functional failure-based approach for estimating remaining life, the decrease in the performance index with age or traffic is charted in conjunction with a functional failure criterion. Alternately, the structural failure-based approach makes use of fatigue principles, which requires the effective thickness or modulus derived from in situ measurements.
REMAINING LIFE USING SURVIVOR CURVE
All of the methods reviewed in the previous sections make use of the condition of the pavement in some form and therefore are particularly useful at the project-level evaluation. When historical data of pavement performance are available this information can be used to compile survivor curves, which can then be used to estimate remaining life. Fundamentally, the survival of a pavement is determined by the amount of time that it lasts before major maintenance or rehabilitation must be performed. Attempts have been made to estimate the average service life of a particular type of pavement by computing total area under survivor curves (19) (20) (21) (22) (23) .
Historical records are used to develop survivor curves, which are empirical probability functions that are used to predict the percentage of pavement length of a specific age that will need rehabilitation in the future. Garcia-Diaz et al. (23) developed survivor curves for flexible pavements at three different performance levels. A method to estimate remaining life that is particularly useful for networklevel analysis and that uses survivor curves is proposed here.
The development of survivor curves follows the work of GarciaDiaz et al. (23) . The performance histories of flexible pavements are obtained from the MDOT PMS data base. Inventory and overlay information is directly used for this purpose. The survivor functions that were developed assume the following form:
where v ϭ percentage of surviving pavement length (mileage), q ϭ location parameter (i.e., parameter affecting the location of the survivor curve), r ϭ shape parameter (i.e., parameter affecting the shape of the curve), and W ϭ cumulative ESALs from the date of construction.
The MDOT PMS traffic data base is used to compile the cumulative traffic until a major rehabilitation or overlay is carried out. Cumulative ESAL was calculated by using current average daily traffic, constant traffic growth rate, constant truck percentage, and constant ESAL factors for each section. All of these data were furnished by MDOT. This traffic or the corresponding years are used as a surrogate for pavement life. The basic tenet is that even though the decision to overlay at failure is subjective, in the past engineers consistently estimated the end of life of pavement sections. It should be noted that the decision to place a rehabilitative overlay is somewhat Figure 4 is an example of survivor curve developed (for the low SNC group) along with the observed Kolomogorov-Smirnov D k statistic. The D k statistic is defined as the maximum difference between actual and predicted survivor curve data. Table 1 lists the parameters of the seven survivor curves along with the observed and critical values of the Kolmogorov-Smirnov D k statistics. From Table 1 it can be seen that the observed D k is less than the critical (tabulated) D k at the 0.05 level of significance for all curves indicating the goodness of fit. The survivor curve of a class of pavements can be used to estimate the expected (mean) life of that class and from that estimate its remaining life. What follows is a proof that the mean life can be estimated with the area under the survivor curve. No doubt, the time to failure of nominally identical pavement sections varies over a range because of the inherent variabilities in materials and construction procedures. Accordingly, the life or time to failure will be treated as a random variable and denoted by T. Let the cumulative distribution function (cdf) of T be defined by the equation
The reliability function R T (t) is
The reliability function gives the probability that failure does not occur in (0, t). Since F T (t) is nondecreasing with F T (0) equal to 0 and F T (t) approaches 1 as t approaches infinity, it follows that R T (t) is nonincreasing with R T (0) equal to 1 and that R T (t) approaches zero as t approaches infinity. The random variable T may be either discrete or continuous. The mean value m T for the case in which T is continuous and has a probability density function f T (t) is given by the equation
By equation 7
Hence,
A parts integration yields
If T is discrete From Equation 11 or 12 one concludes that the mean value of the time to failure is the same as the total area under the cdf curve. This concept is extended to estimate remaining life ( Figure 5 ). After having sustained a traffic volume W (estimated in terms of 18-kip ESAL) the percentage of life remaining is given by where A 0 is the total area under the curve or the mean value of the service life of the pavement, and A 1 is the remaining area under the curve after traffic W passes.
By using RL x the remaining life (in years) can be calculated by
REMAINING LIFE CALCULATION
Only a few of the many proposed methods of remaining life calculation are adopted by highway agencies. It is enlightening to make use of some of the methods for calculating the remaining lives of typical pavement sections for the purpose of comparison. Eight rigid and eight flexible pavement sections of the Mississippi SHRP GPS program were used for the comparison study.
Data Requirement for Comparison Study
All of the data-distress, roughness, and FWD deflections-for the 16 sections are compiled from the SHRP information management system data base. Similar surface condition data (distresses and roughness) and the traffic counts for the same road segments compiled by MDOT are made available from the MDOT PMS data base. SHRP and MDOT PMS data for 1993 afforded a unique opportunity for a side-by-side comparison of the condition survey results. Note that the SHRP data pertain to 152-m (500-ft) sections, as opposed to the longer sections of various lengths in the MDOT PMS. By making use of the deduct point approach (25, 26) , PCR values are calculated by using the condition survey data of SHRP and the MDOT PMS. That the PCR values computed from the two independent data acquisition systems are in satisfactory agreement (Table 2) is an indication of the robustness of the data collection methodologies.
Rigid Pavement Remaining Life
Eight rigid pavements, four jointed and another four continuously reinforced SHRP sections, were analyzed for their remaining lives by two methods: the 1993 AASHTO NDT method, which is a structural failure-based approach, and a procedure based on the condition prediction equation (PCR equation derived from MDOT PMS data). At the outset it should be noted that the pavement sections are sparsely distressed, with the PCR being predominantly in the range of 80. The construction date of each pavement is worthy of note as well. As the data indicate all of these sections except Section 4 have been in service from 6 to 19 years. A cursory examination of the remaining lives listed in Table 3 leads to the following observations:
1. The remaining lives predicted by AASHTO as well as by the PCR prediction model seem reasonable since the expected lives FIGURE 5 Remaining life using survivor curve.
• Age of pavement (14) (current age plus remaining life) of most of the pavements considered are found to be in the range of 25 to 30 years, a reasonable range for the service lives of concrete pavements. Further verification of remaining life models can be carried out by using data from other comprehensive data bases, for example, the SHRP-LTPP data base. 2. By the AASHTO method the FWD deflection values determine the in situ moduli by using the MODULUS program (version 5.0). The moduli range from 2.8 ϫ 10 7 to 5.5 ϫ 10 7 kPa (4 million to 8 million lb/in. 2 ). The effective PCC thickness derived from the AASHTO curve (Figure 3) is practically insensitive to moduli in this range. Nonetheless, the remaining lives appear to be reasonable.
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3. For Section 4, which was in service for only 1 year at the time that it was studied, the remaining life predicted by the AASHTO method is 19 years, whereas that predicted by the PCR method is 38 years. A remaining life of 38 years as predicted by the PCR model indicates the model's inability to forecast so long into the future.
A word of caution is needed here. It is important to exercise engineering judgment in forecasting the remaining lives of relatively new pavements. It is comforting to observe that remaining life generally becomes an issue for moderate to highly distressed pavements rather than for newly built pavements.
Flexible Pavement Remaining Life
The remaining lives of eight SHRP flexible sections were calculated by four different methods (Table 4) : the AASHTO method, which is structurally based (method A in Table 4 ); method B, which is structural as well as functional failure based because it relies on both backcalculated values and the surface distresses; method C, which again includes both structural and functional effects because PCR depends on distresses and roughness, in that order; and lastly, the survivor curve method, which in actuality is a functional failurebased procedure. The data used, for example, the cumulative traffic and condition data as measured in 1993, along with original structural details are tabulated in Table 5 . A comparison of the remaining lives predicted by the four methods reveals that the MODULUS program (version 5.0) gives only a gross estimate of the remaining life. The authors of the program indicate that a refined version of the remaining life algorithm is forthcoming shortly. The result pertaining to Section 8 is anomalous in that it remains in a superior condi- Table 5 ], but it is expected to be in service for only 2 to 3 years. The relatively high traffic volume perhaps has inflicted excessive structural damage to the pavement over the years (14 years to be exact), with only a small fraction of its life remaining in 1993.
With the intention of calculating remaining life by the ETR method (9) , the moduli of all eight sections are backcalculated by using the MODULUS program (version 5.0). The ETR method not only requires the current in situ modulus values for the calculation of ETR but it also calls for the original (as-constructed) moduli of each layer as well. It should be noted that the backcalculated asphalt concrete moduli are unreasonably high [ranging from 5.1 ϫ 10 6 to 2.2 ϫ 10 7 kPa (740 to 3,170 kips/in. 2 ), with an average value of 1.3 ϫ 10 7 kPa (1,920 kips/in.
2 )] and that the ETR calculation has not produced remaining lives consistent with the pavement condition index; accordingly, those results are not tabulated.
Discounting the anomalous result for Section 8, the following specific conclusions are offered with respect to the remaining lives computed by the four methods (Table 4): 1. The remaining lives determined by the AASHTO method, a structural failure-based approach, agree with those obtained by the survivor curve approach except for the first section. The exceptionally low value for the first section can be attributed to the much reduced structural capacity, as evidenced by FWD deflections.
2. The MODULUS program (version 5.0) predicts consistently high remaining lives because of low-severity cracking and rutting in the pavement sections. Augmenting this light distress scenario are the relatively high backcalculated moduli, another input in the MODULUS (version 5.0) remaining life routine.
3. The PCR equation-based and proposed survivor curve methods yielded comparable remaining lives for the eight sections. This is due in part to the fact that the PCR equation method depends on a trigger level of PCR, that is, a PCR level at which rehabilitation is recommended, and the survivor curve relies on the actual rehabilitation times of a class of pavements.
CONCLUDING OBSERVATIONS
Despite the advances made in the condition evaluation of in situ pavements, the analysis of the resulting data is still elusive, especially in forecasting how long before a major rehabilitation would be needed, designated the remaining life. A comparison of the prevalent methods confirms the findings of a previous study that structural failure-based calculations result in conservative remaining life values compared with the functional failure-based methodologies. The structural methods, relying on in situ moduli, are suspect in view of the perennial problems of backcalculation. NDT deflection-based approaches probably stand a better chance of being consistent and reasonably precise in project-level life calculations. Another potential method adaptable to both project-and networklevel computations would be the use of a sound pavement prediction model, for example, the PCR equation used in the present study. Nonetheless, the NDT method and the prediction model method call for several inputs for each pavement section. In comparison, the survivor curve approach proposed here is simple; is likely to be relevant to the geographical area, current materials, specifications, and so forth (because it is developed from historical data for that region); and requires only one input, namely, the cumulative traffic that has passed on the pavement. The development of survivor curves, however, requires a comprehensive data base, and the evolving PMS data base can be relied on for those data.
